Genetically-Encoded Voltage Indicators (GEVIs) are capable of converting changes in membrane potential into an optical signal. Here, we focus on recent insights into the mechanism of ArcLighttype probes and the consequences of utilizing a pH-dependent Fluorescent Protein (FP). A negative charge on the exterior of the -can of the FP combined with a pH-sensitive FP enables voltage-dependent conformational changes to affect the fluorescence of the probe. This hypothesis implies that interaction/dimerization of the FP creates a microenvironment for the probe that is altered via conformational changes. This mechanism explains why a pH sensitive FP with a negative charge on the outside of the -can is needed, but also suggests that pH could affect the optical signal as well. To better understand the effects of pH on the voltage-dependent signal of ArcLight, the intracellular pH (pHi) was tested at pH 6.8, 7.2, or 7.8. The resting
Genetically-Encoded Voltage Indicators (GEVIs) convert changes in membrane potential into an optical signal enabling the detection of neuronal activity simultaneously from different regions of a cell or a circuit depending on the optics in use. There are two distinct families of GEVIs currently available (reviewed in Lin & Schnitzer, 2016; Nakajima, Jung, Yoon, & Baker, 2016; Sepehri Rad et al., 2017; St-Pierre, Chavarha, & Lin, 2015; D. Storace et al., 2016; Yang & StPierre, 2016) . One family of GEVIs utilizes bacterial rhodopsin to sense changes in membrane potential. The other family of GEVIs uses homologs of the voltage-sensing domain (VSD) from the voltage-sensing phosphatase (VSP) (Murata, Iwasaki, Sasaki, Inaba, & Okamura, 2005) fused to a fluorescent protein (FP).
While GEVIs continue to improve, both families of voltage probes exhibit strengths and weaknesses that should be considered when imaging neuronal activity. Unlike calcium, voltage exhibits a multistate dynamic in excitable cells ranging from slight hyperpolarizations during neuronal inhibition to sub-threshold excitatory synaptic depolarizations and ultimately action potentials. Each neuronal state exhibits specific voltage ranges and temporal components. For instance, subthreshold synaptic activity would be well served by a GEVI that gives a large F since the depolarization of the plasma membrane is relatively small. Resolving spike timing of action potentials would require a fast optical response.
The rhodopsin family of GEVIs exhibit fast kinetics. Since the voltage-sensing domain is also the fluorescent output of the protein, these probes are extremely fast but suffer from poor quantum yields. Fusing a bright fluorescent protein (FP) to the rhodopsin domain overcomes the quantum yield problem resulting in a probe capable of resolving action potentials in vivo (Gong et al., 2015; Lou et al., 2016; Piatkevich et al., 2018) . However, some rhodopsin-based probes also exhibit a light-induced current (Gong et al., 2015; Gong, Wagner, Zhong Li, & Schnitzer, 2014; Inagaki et al., 2017; Kralj, Douglass, Hochbaum, Maclaurin, & Cohen, 2012; Piatkevich et al., 2018; Zou et al., 2014) .
changes in fluorescence. The FP of these constructs resides outside the voltage field of the plasma membrane resulting in slightly slower probes. The VSD consists of four transmembrane segments designated S1-S4 (figure 1). The S4 -helix contains multiple positively charged amino acids that cause a conformational change when the plasma membrane potential is altered. These VSDs traffick well to the plasma membrane of mammalian cells enabling optical recordings from neurons Dimitrov et al., 2007) . The VSD-based GEVIs have also been used for in vivo recordings (Borden et al., 2017; D. A. Storace, Braubach, Jin, Cohen, & Sung, 2015; .
There are three different configurations for fusing FPs to the VSD. One involves a Forster Resonance Energy Transfer (FRET) pair where the donor and acceptor can flank the VSD (Akemann et al., 2012; Sung et al., 2015) or reside at the carboxy-terminus as a tandem repeat (Baker et al., 2012; Dimitrov et al., 2007) . Voltage-induced conformational changes in the VSD result in a change in the distance and/or alters the orientation between the two FPs resulting in an optical signal. A second configuration involves the use of a circularly-permuted fluorescent protein (cpFP) inserted between the S3 and S4 transmembrane segments (St-Pierre et al., 2014; .
The position of the cpFP between -helixes seems to be important. Probes fusing a cpFP at the carboxy-terminus give smaller signals probably because there is less resistance to strain the can of the cpFP during movement of S4 (Barnett, Platisa, Popovic, Pieribone, & Hughes, 2012; Gautam, Perron, Mutoh, & Knopfel, 2009) . The third and final configuration involves the fusion of a single FP near the carboxy-terminus of the VSD. The probe, ArcLight (figure 1), that uses this configuration gives one of the largest changes in fluorescence reported (Han et al., 2013; Jin et al., 2012) . While the mechanism for the voltage-induced fluorescent change is less obvious for ArcLight than the FRET or cpFP designs, there appears to be a requirement for the FP to be environmentally sensitive, ie. changes in physiological pH (Han et al., 2014; .
Since ArcLight gives a large F, this report will focus on the physical properties of ArcLight and ArcLight-derived probes and the consequences of having an FP that is sensitive to pH. The voltage-induced fluorescence change is faster than the pH-induced fluorescent signal. Alterations to the intracellular pH (pHi) can affect the resting fluorescence of the GEVI and thereby the F/F.
Having a probe that is capable of registering both voltage and pH changes enables the concomitant imaging of pHi and the firing of action potentials in neurons providing additional
information on the buffering capacity of different regions of the cell.
Why a pH-sensitive FP?
The mechanism of voltage-induced fluorescence changes for a GEVI consisting of a single FP is slowly being discerned. ArcLight was surreptiously discovered during the screening of GEVIs with different FPs using stable cell lines . Most of the cell lines expressing a VSD fused to the FP, Super Ecliptic pHluorin (Miesenbock, De Angelis, & Rothman, 1998; Ng et al., 2002) , exhibited a 1% F/F/100 mV depolarization of the plasma membrane. One cell line, however, showed a remarkable increase to 15% F/F/100 mV depolarization . Analyzing the mRNA of that cell line revealed a point mutation to the FP, A227D (number corresponds to the position in the FP), which resulted in a negative charge on the outside of the -can structure. This mutated version of Super Ecliptic pHluorin (SE227D) maintained its pH sensitivity (Figure 2 ).
Optimization of the length of the protein linker between the VSD and SE227D improved the signal size to over 40% F/F/100 mV (Han et al., 2013) .
While the addition of the negative charge via the A227D mutation was found to be necessary for an increase in the voltage-dependent signal, the negative charge alone was not sufficient.
Homologous substitutions at the A227 position to other FPs did not result in large, voltageinduced, optical signals (Han et al., 2014; Jin et al., 2012) . In an attempt to identify the critical residues responsible for the improved voltage signal of SE227D, the Pieribone group systematically introduced SE227D mutations to eGFP and found four mutations that yielded a similar optical signal upon depolarization of the plasma membrane (Han et al., 2014) . Interestingly, these mutations also shifted the pKa of eGFP to a physiologically relevant pH suggesting that pH sensitivity as well as a negative, external charge on the -can of the FP were required for the improved optical response of the GEVI, ArcLight.
A GEVI consisting of a VSD from a voltage-gated proton channel provides insight into the mechanism of the voltage-induced optical signal.
Further understanding of the mechanism behind the voltage-dependent optical signal came from the development of Pado, a GEVI that fused SE227D to the VSD of a voltage-gated proton channel (Hv). The conduction pathway for Hv channels resides in the VSD (Decoursey, 2012; Ramsey, Moran, Chong, & Clapham, 2006) enabling Pado to monitor voltage while manipulating pHi simultaneously ( Figure 3A) . A 100 mV depolarization of the plasma membrane from a holding Figure 3A) . The presence of a voltage-dependent current does not always affect the resting potential fluorescence. The D129N mutation in the S1 segment of the VSD of a GEVI named CC6 (Piao, Rajakumar, Kang, Kim, & Baker, 2015) resulted in a voltage-dependent current that did not affect the fluorescence of the probe upon the return to the holding potential ( Figure   3A ).
Having a GEVI that exhibited Hv channel activity permitted inhibition studies with zinc that further ellucidated how the probe converts changes in membrane potential into an optical signal. Zinc inhibits the movement of S4 in Hv channels thereby keeping the channel in a closed state (Cherny & DeCoursey, 1999; Musset et al., 2010) . Inhibition by zinc reduced the optical signal of Pado indicating that movement of S4 was responsible for the change in fluorescence during membrane depolarizations. Pado was also able to optically demonstrate multiple closed conformations of the channel since the 100 mV depolarization did not elicit a current but did give a transient change in fluorescence. To confirm that the voltage-induced current was altering the pHi, the buffering strength of the pipette solution was increased which diminished the effect of the baseline change during activation of the channel activity ( Figure 3B ). These results showed that the voltagedependent signal could be seen even when the pHi changed. Pado, as well as ArcLight, could measure changes in voltage that were distinct from alterations in pH.
Dimerization of the FP, SE227D, is critical for the voltage-dependent, optical signal for

ArcLight derived GEVIs.
One potential hypothesis to explain the voltage-dependent fluorescent signal of ArcLight-derived GEVIs involved the dragging of the outer negative charge of A227D across the -can of the FP of a neighboring probe. The idea is that an environmentally sensitive FP would respond to the displacement of a nearby negative charge. This hypothesis depends on the dimerization (or a close interaction) of the GEVI via the FP domain of the sensor to put the negative charge in position to affect the fluorescence. To test that hypothesis, Kang and Baker introduced mutations to SE227D that favored the monomeric form by reducing the affinity of the FP to dimerize Zacharias, Violin, Newton, & Tsien, 2002) . Introduction of the monomer-favoring, 206K Since ArcLight-type probes seem to require a pH-sensitive FP, we examined the effects of pH on the voltage-induced optical signal. SE pHluorin has a pKa near 7.2 and exhibits the largest fluorescence change in response to changes in pH (Shen, Rosendale, Campbell, & Perrais, 2014) .
The A227D mutation did not change the pH sensitivity of SE phlourin . Figure 4A depicts the effect pHi has on the voltage-dependent optical signal of ArcLight. HEK-293 cells expressing ArcLight were whole-cell voltage clamped with different internal solutions varying in pH. The resting fluorescent intensity of SE227D increases as the pHi increases ( Figure 4B ). This has a consequence on the voltage-dependent optical signal. Since the resting light fluorescence is higher at pH 7.8, the F/F is lower. This effect is most likely due to an increase in the internal fluorescence of the cell which does not respond to changes in plasma membrane potentials. The F/F of ArcLight at pH 6.6 and 7.2 was virtually identical. F and the signal-to-noise ratio (SNR)
were not significantly different for the three pH levels tested ( Figure 4C ).
The cell has complex systems for regulating pH. In order to overcome that regulation and observe changes in the resting fluorescence of the cell, internal solutions buffered with 100 mM HEPES were required ( Figure 5 ). Internal solutions of 5 mM HEPES did not increase the resting fluorescence of the cell after achieving whole-cell voltage clamp indicating that the buffering capacity of the cell was greater than that of the pipette solution ( Figure 5A ). Changes in resting light levels after achieving whole cell voltage clamp conditions were easily seen when the buffering capacity of the internal solution was higher ( Figure 5B ).
Imaging the acidification of a neuron firing action potentials.
Neurons acidify upon high frequency firing of action potentials (Chesler, 2003; Raimondo, Irkle, Rose & Deitmer, 1995a , 1995b Xiong, Saggau, & Stringer, 2000) . A striking result from the development of Pado was that intracellular pH changes were not uniform (see supplemental movie from Kang and Baker, 2016) . Cell volume/buffering capacity contribute to the maintenance/disturbance of pHi. Smaller volumes will exhibit a larger pH change.
For a neuron, the soma would therefore be more resistant to pH changes than the processes. Figure 6 shows altering acidification profiles for the soma versus the processes of a neuron.
ArcLight was able to optically resolve action potentials firing at 36 Hz in cultured mouse hippocampal neuron. Comparison of the baseline change in the soma to that seen in the processes indicates that the pHi change is greater in the processes due to the larger volume/buffering capacity of the soma. The farther away from the soma, the larger the baseline change. The change in resting fluorescence was also seen in the original Bongwoori report and correlates to the number of action potentials fired (Lee et al., 2017) .
Discussion
Here we discuss the consequences of a GEVI that utilizes a pH sensitive-FP. For ArcLight and its derivatives, the voltage signal is much larger and faster than the pH-dependent optical signal. pH has the potential to cause the fluorescence of ArcLight-type probes to change. In HEK cells, only when a GEVI utilizing an Hv VSD can a change in baseline fluorescence be observed . In neurons, upon high frequency spiking activity, a baseline change in fluorescence can also be seen . pH does not noticabely affect the ability of ArcLight to respond to voltage with two exceptions. At a relatively high pH of 7.8 the F/F was reduced. Increasing the pHi to 7.8 increases the fluorescence of the probe both in the plasma membrane probe (voltage responsive population) and intra-cellular membranes (non-voltage responsive population). The contribution to the resting fluorescence, F, is therefore greater than the increase in F resulting in a decrease in F/F.
There currently does not exist a perfect GEVI. All genetically-encoded probes have strengths and weaknesses the experimenter should consider when imaging neuronal activity. The advantage of the rhodopsin-based probes is that they are fast. The GEVI, Ace2N-4aa-mNeon, only gives a 9% F/F/100 mV (Lin & Schnitzer, 2016) in HEK 293 cells but is fast enough to optically resolve action potentials in vivo (Gong et al., 2015) . ArcLight gives large changes in fluorescence (over 30% F/F/ 100 mV (Han et al., 2014; Han et al., 2013; Lin & Schnitzer, 2016) ) making it one of the easier GEVIs to image but is relatively slow limiting the resolution of subthreshold depolarizations from
action potentials in population recordings. A potential weakness of some of the rhodopsin-based probes is that they have a light-induced current. ArcLight has the potential weakness of also responding to pH. Despite these weaknesses, the probes still have a number of potential applications. The weaknesses can also be diminished. The light-induced current can be negated by pre-exposure to light and the pH signal is relatively small and requires high frequency activity.
Weaknesses could also be advantageous. The light-induced current of Ace2N-4aa-mNeon (Gong et al., 2015) and Archon1 (Piatkevich et al., 2018) could be used to quantitate the effectiveness of trafficking to the plasma membrane. An increase in the light-induced current would reflect more probe in the plasma membrane. Alterations in the baseline fluorescence of ArcLight could indicate a change in the buffering capacity of the cell.
Materials and Methods
Cell culture
Embryonic mice (E17) (Koatech, South Korea) were euthanized for dissection of hippocampi. The dissected tissues were treated with trypsin-EDTA solution (Gibco, USA) for chemical dissociation.
DNase1 (Sigma Aldrich, USA) was used shortly to prevent any clogging caused by nucleic acid from lysed cells. Autoclaved pipette tips were then used for trituration. The dissociated hippocampal neurons were seeded onto #0 coverslips that were coated with poly-D-lysine (Sigma-Aldrich, USA). The plated cells were incubated in a 5% CO 2 incubator at 37°C for three hours. Then the media was replaced with neurobasal media containing 2% of B-27 supplement (Gibco, USA). At days in vitro (DIV) 5 -7, the cultured hippocampal neurons were transfected with a lipofection reagent (Lipofectamine 2000, Invitrogen, USA) following the manufacturer's protocol.
The transfected neurons were verified for expression under an epifluorescence microscope and then experimented on DIV 12. The animal experiment was approved by the Institutional Animal Care and Use Committee at KIST (animal protocol 2014-001).
Electrophysiology
Glass capillary tubes for neuronal recording were pulled to resistance of 3-6 MΩ prior to each experiment. A neuron expressing the voltage indicator of interest was first patched under whole cell voltage clamp mode by using a patch clamp amplifier (HEKA, Germany). Holding potential of the cell was kept at -70 mV until the patch clamp setting was switched to current clamp mode.
Current pulses with varying amplitude were then injected to depolarize the plasma membrane. 
Patch Clamp
Patch clamp experiments were performed at 35 ℃ which was maintained by a flow-through heating mechanism as well as a patch chamber heating element (Warner Instruments TC-344B).
The bath chamber was perfused with bath solution containing 150mM NaCl, 4mM KCl, 2mM CaCl 2 , 1mM MgCl 2 , and 5mM D-glucose, buffered with 5mM HEPES at different pH levels. High buffer capacity bath solution was also used for specific experiments and it contained 100mM NaCl, 3mM KCl, 0.5mM MgCl 2 , 1mM CaCl 2 , 3mM Glucose, with 100mM HEPES buffer.
Patch pipettes were pulled from capillary tubes (World Precision Instruments 1B150F-4) on a horizontal micropipette puller (Sutter Instruments P-97) and filled with pipette solution composed of 120mM K-aspartate, 4mM NaCl, 4mM MgCl 2 , 1mM CaCl 2 , 10mM EGTA, 3mM Na 2 ATP and 5mM HEPES adjusted to the desired pH with KOH. High buffer internal solution contained 75mM K Aspartate, 3mM NaCl, 3Mm MgCl 2 , 1mM CaCl 2 , 5mM EGTA, 3mM Na 2 ATP and 100mM HEPES. Optem zoom system (Qioptiq A45699) before being projected onto an 80x80 pixel e2v CCD39 chip of the NeuroCCD-SM80 camera (Red Shirt Imaging). The setup was mounted on an antivibration table (Kinetic Systems, Minus K Technology). Instruments that had moving parts such as the arclamp, amplifier, and mechanical shutter were placed on another surface to avoid motion artefacts during imaging.
Analyses
Optical signal recordings were analyzed using Neuroplex (Redshirt Imaging) and Origin8.6 (Origin Labs). Off-line low-pass filtering used to improve the signal-to-noise ratio is indicated in the figures. The Boltzmann fit, student's t-test and ANOVA were done with Origin. . 
